Context: Spinal musculature fatigue from vehicle exposure may place warfighters at risk for spinal injuries and pain. Research on the relationship between vehicle exposure and spinal musculature fatigue is conflicting. A better understanding of the effect of military duty on musculoskeletal function is needed before sports medicine teams can develop injuryprevention programs.
M
usculoskeletal injuries have become one of the top problems for our military. The rigorous physical demands of training and combat situations experienced by warfighters have been the driving force behind the move toward a sports medicine model of care: encouraging service members to think and train as athletes and including athletic trainers in the care and prevention of military injuries. 1 Research into specific military-related mechanisms of injury is required if we are to properly serve our military warfighters.
A common injury risk factor may be daily exposure to military vehicles. Service members are regularly exposed to military vehicles on repeated days and for long durations. In using these highly specialized vehicles designed for land, water, and air, military warfighters are often exposed to bouts of whole-body vibration, mechanical shock, and acceleration (þGz forces) as a duty requirement. Service members with almost daily exposure to military vehicles (eg, M1 Abrams tank, Bradley Fighting Vehicle, Stryker, and rotatory and fixed-wing aircraft) are frequently termed mounted warfighters. The constant loading of the spinal column or prolonged sitting in military vehicles (or both) may contribute to the development of spinal injuries and pain. 2 Mounted warfighters and other individuals in vehicle-dependent occupations (eg, heavy equipment operators, professional drivers, commercial pilots) often experience pain from spinal musculoskeletal conditions. This pain can be debilitating, compromise mission efficacy and completion, limit warfighter duty and ability to deploy, be career ending, and affect overall military readiness. 3, 4 If exposure to vehicles is a contributing factor to injury, the development of injury-prevention programs may enable military warfighters to avoid long-term pain and disability. Clearly, a greater understanding of how vehicle exposure may affect a warfighter's body is required.
Spinal injuries and pain are common complaints in mounted warfighters. [4] [5] [6] [7] [8] In a 2012 study, 6 investigators observed that 64% to 89% of military helicopter or fighterjet pilots reported some degree of neck and back pain. A sample of fixed-wing and rotary-wing pilots revealed cervical disc degeneration in 55% and lumbar spinal degeneration in 60% 7 ; another group 8 found that 50% of jet pilots in the Royal Norwegian Air Force had neck pain and 23% had back pain in the previous 12 months. These conditions affect the health and wellness of service members.
One potential injury risk factor hypothesized by researchers 9,10 is spinal musculature fatigue, which may be a side effect of ride (or flight)-related forces or prolonged static postures (or both). 9, 10 Muscle activity plays a key role in postural control and injury protection and contributes to the ability of the spinal column to endure prolonged standing or seated vehicle exposure. 11 The muscles acting on the spine (eg, erector spinae, multifidus) 9 ,12 may become fatigued under constant or repeated exposure to vibration, mechanical shock, or þGz forces. These forces likely affect muscle recruitment and reflex responses, thereby influencing neuromuscular control and leading to postural alterations during prolonged vehicle exposure. For example, fatigue of the lumbar musculature related to vehicle exposure could alter seating posture, forcing the lumbar region into more kyphosis and altering the normal curvature in the proximal portion of the spine. In an attempt to maintain a forward gaze, the mounted warfighter may compensate by further extending the neck. This combination of events likely puts the mounted warfighter in a position of increased susceptibility to spinal injury and pain. 13, 14 Muscle fatigue caused by vehicle-exposure forces may reduce the ability of the spinal muscles to protect a warfighter's spinal column from the same types of riderelated forces that cause fatigue. Thus, vehicle-related spinal musculature fatigue presents potential detrimental effects for both mission performance and warfighter health. 4 To explore the influence of vehicle exposure on muscle fatigue, investigators have used both vehicles and vehicle simulators (mostly the latter). Simulators designed to mimic the vibration, mechanical shock, or þGz force patterns sustained by the operators and crew of a particular vehicle provide an opportunity to explore this relationship in a laboratory setting. Previous studies 9, 15, 16 of the effects of vehicle exposure on spinal musculature fatigue have produced conflicting results.
These contradictory reports highlight the need to summarize the available research in order to advance our understanding of the effect (if any) vehicle exposure has on spinal musculature fatigue. Although some reports point to fatigue as a potential injury risk factor for spinal injury or pain (or both), 9, 16 another study 17 did not show fatiguerelated changes in muscle activity at the spine. Therefore, the purpose of our study was to determine if the literature supports an effect of vehicle exposure on spinal musculature fatigue. Insight into the influence of vehicle exposure on spinal musculature fatigue is needed to help future investigators identify injury risk factors associated with the development of spinal conditions and pain in mounted warfighters. This information could then be used to develop injury-prevention programs and vehicle-use protocols and to help develop the next generation of military vehicles.
METHODS

Identification, Study Selection, and Data Extraction
An online search was conducted following the Preferred Reporting Items for Systematic Reviews and MetaAnalyses (PRISMA 18 ) protocol and using the MEDLINE, Military & Government Collection (EBSCO), National Institute for Occupational Safety and Health Technical Information Center, PubMed, and Web of Science databases. The search was designed to identify all articles published between January 1990 and September 2015 investigating the effects of vehicle exposure on spinal musculature fatigue. We searched the databases using combinations of the following terms and phrases: aircraft, cervical, EMG, exposure, þGz forces, impact, loading, lumbar, military, military aircraft, military vehicle, vehicle, muscle activity, muscle endurance, muscle fatigue, muscle function, neck, neuromuscular fatigue, repeated loading, shock, simulator, spine, spine musculature, thoracic, and vibration (Table 1 ). In addition, we searched the reference lists of the acquired articles to find additional pertinent articles. Non-English publications were translated for inclusion, and attempts were made to contact researchers for unpublished data.
To reduce any possible selection bias, the inclusion criteria were set before the database search. For inclusion, all studies were required to have a clear sampling method, preexposure and postexposure assessments of fatigue, a defined objective metric of fatigue, a defined exposure time, and a goal of exposing participants to forces (eg, vibration, mechanical shock, and þGz forces) related to vehicle exposure ( Table 2 ). After screening the titles and abstracts, 2 authors (R.O.K., K.E.G.) assessed the relevant full-text articles. The authors resolved disagreements regarding publication eligibility either by consensus or by arbitration of a third author (J.M.S.) if disagreement continued. The authors extracted all relevant information from each eligible article: sample size, mean preexposure and 
Data Analysis
All data extracted from published studies were entered into a custom spreadsheet (Excel version 2010; Microsoft Corp, Redmond, WA). Effect sizes were calculated as natural log-transformed response ratios (calculated as ln[preexposure/postexposure]) to account for the differences in fatigue outcome measures due to different electromyography (EMG) techniques (eg, mean frequency, root mean square). One advantage of this metric over others is that effect sizes are normally distributed around zero. When using this metric, an effect size with a 95% confidence interval (CI) that crosses zero indicates no statistical difference between preexposure and postexposure assessments of fatigue. 21 An effect size with a 95% CI that was less than zero indicated that vehicle exposure increased fatigue of the spinal musculature (P , .05). To simplify the interpretation of natural log-transformed effect sizes, absolute (nontransformed) postfatigue measurements that were 2.7 times or 7.4 times higher than paired absolute prefatigue measurements were equivalent to a À1.0 or À2.0 natural log-transformed response ratio effect size, respectively. Because error terms were not available for most studies, we analyzed effect sizes with an unweighted random-effects model using Comprehensive Meta-Analysis software (version 2.2.064; Biostatistics Programming Associates, Englewood, NJ). Spinal region (cervical, thoracic, and lumbar) and vehicle type (simulator, ground-based vehicle, fixed-wing aircraft, and rotary-wing aircraft) were moderators for separate subanalyses. In our study, a simulator represented any configuration used to mimic vehicle-exposure forces (eg, vibration, shock). The calculated summary effect for each analysis (overall and moderated analyses) represented the mean effect size of the analysis. Two separate random-effects meta-regressions were used to determine if there was a dose-response relationship between vehicle-exposure forces and fatigue of the thoracic and lumbar regions. Due to limited data, we could not perform a meta-regression for the cervical region. A funnel plot and fail-safe number analyses were used to determine if publication bias influenced our findings.
RESULTS
The search yielded 62 potentially relevant articles, and 6 studies met the inclusion criteria (Figure 1) . 9, 12, 15, 16, 19, 20 The characteristics of each study are described in Table 3 . According to the Scottish Intercollegiate Guidelines Network algorithm for classifying study design, an appropriate checklist to assess study quality was not available as the included articles were observational studies with only a single study group. Thus, a quality of evidence score of 3 was assigned to all included studies. The funnel plot of the effect-size data was asymmetric, indicating a possible publication bias (Figure 2 ). In addition, the failsafe N analysis determined that for the 2 P values below .05 (ie, ground-based simulators and all types of simulators), 63 and 76 negative effect sizes, respectively, would be required to increase the meta-analysis P value to more than .05. The significant fail-safe Ns calculated for the main meta-analysis and moderated analyses ranged between 63 and 91, with an average fail-safe N of 77 negative effect sizes required to increase the meta-analysis P value to more than .05. We calculated the fail-safe N according to the Rosenthal method. 22 This method determines the number of studies with nonsignificant results that would need to be added to increase the meta-analysis P value to more than the a level. 23 The calculation is based on the Stouffer method. 24 
Data Synthesis
The overall meta-analysis of 6 studies revealed that vehicle exposure increased fatigue of the spinal muscula- Due to the lack of data collection for specific vehicles, we were unable to perform separate analyses using vehicle type (eg, Stryker) as a moderator.
Of the 6 studies included in this meta-analysis, 5 were conducted in a simulator. We removed the only vehiclebased study (Balasubramanian et al 9 ) and recalculated the analysis to determine if this difference influenced our results. The forest plot for the overall and moderated analyses is shown in Figure 3 . The results of the simulatoronly overall and moderated analyses were similar to the results of the analysis of all 6 studies. For the overall metaanalysis (5 simulator studies; Table 4 , Figure 3 ), we observed that vehicle exposure increased fatigue of the spinal musculature (P ¼ .03; natural log response ratio ¼ À0.22, 95% CI ¼À0.42, À0.02). We also found that vehicle ride exposure increased fatigue of the lumbar musculature only (P ¼ .02; natural log response ratio ¼À0.27, 95% CI ¼ À0 .50, À0.04) when spinal region was used as a moderator. Thoracic muscle fatigue was not increased by vehicle exposure (P ¼ .74; natural log response ratio ¼À0.08, 95% CI ¼ À0.55, 0.40). (A moderated analysis for the cervical region was not possible because removal of the Balasubramanian et al 9 data resulted in only 1 remaining article on the cervical region.) Vehicle exposure from ground-based vehicle simulators also demonstrated an effect on fatigue of the spinal musculature (P ¼ .03; natural log response ratio ¼ À0.24, 95% CI ¼ À0.46, À0.03).
DISCUSSION
Our study revealed that vehicle exposure increased fatigue of the lumbar musculature, which suggests that spinal injury-prevention programs should focus on fatigue of this region. Although many factors could be involved in these findings, the results reinforce the anecdotal evidence that vehicle exposure may contribute to spinal injury and pain and support the need for additional research in this area to better protect our warfighters. Authors of the included studies commonly used EMG measures of mean frequency, median frequency, or root mean square to assess fatigue. The methods were often similar, but 2 groups 12,25 who measured fatigue using similar EMG signal-processing methods in the same spinal regions reported contradictory findings. Moreover, we observed that authors 9, 15, 20 who used multiple EMG techniques often reported a significant increase in fatigue with 1 signal-processing technique but not another. For example, 1 group of researchers 20 noted that mean frequency decreased at a vibration frequency of 5 Hz, indicating lumbar fatigue in the erector spinae but conversely demonstrated a nonsignificant decrease in root mean square values in the same muscles. Typically, a decrease in mean (or median) frequency and an increase in root mean square EMG signal indicate muscle fatigue. 15, 26, 27 The authors 20 hypothesized that the reason for this contradictory outcome was the high-level vibratory environment of the experimental condition, suggesting that it decreased the rate of metabolite removal, which influenced the root mean square measure. Others 15, 28, 29 have reported that root mean square is a more uncertain measure of fatigue because its values can be influenced by actively developed force in a muscle. However, each of the aforementioned EMG processing methods presents limitations. Given that force and fatigue both influence EMG spectrum and amplitude, it may be necessary for future researchers to use a processing technique that can provide information on whether EMG changes are fatigue induced or force related, such as joint analysis of EMG spectrum and amplitude. 29, 30 None of the studies included in our analysis used this technique.
Statistical synthesis of the data allowed us to evaluate the effect of vehicle exposure on fatigue of the thoracic and lumbar muscular regions across multiple studies. Analyses using spinal region as a modifier revealed that vehicle exposure increased fatigue in the lumbar musculature but had no effect on the thoracic musculature. The finding of fatigue in the lumbar region is not surprising considering the high prevalence of low back pain in pilots. 4, [6] [7] [8] This suggests a possible link between lumbar muscle fatigue and low back pain. Investigators in 1 study 9 reported a strong correlation (r 2 ¼ 0.86) between total flying hours and low back pain in helicopter pilots. Arguably, fatigue of the lumbar musculature could result in an altered sitting posture, such that the lumbar spine adopts a more kyphotic curvature, which increases stress on the lumbar region, thereby elevating the risk of developing a spinal injury or pain. It should be noted that studies of the lumbar spine accounted for 74 of the data points included in the analysis (approximately 75%), which may have influenced these results. Additionally, most of this research was completed in ground-based vehicle simulators. Clearly, more work is needed to assess any connection between actual vehicle exposure and the development of lumbar injury and pain.
We removed 1 study 9 from the analyses to allow for a clearer interpretation of the data. This study was the only one to use an aircraft (ie, not a simulator) that met the inclusion criteria. The outcomes remained the same for the lumbar and thoracic analyses, suggesting that simulators may produce results in these body regions that are similar to studies in actual vehicles. The deleted study represented 1 of only 2 investigations to evaluate cervical fatigue that met the inclusion criteria. However, we believe removing this study permitted a clearer interpretation of our current results.
Our meta-analysis findings agree with the outcome of Balasubramanian et al, 9 who observed increases in mean amplitude and root mean square values in the erector spinae muscle group, indicating lumbar muscle fatigue. The same group also observed vehicle exposure-related changes in the trapezius muscles, with a decrease in median frequency on the right side. Conversely, the authors 15 of a simulator study reported that short-term exposure to vibration had no negative acute effects on fatigue of the upper trapezius muscle. This may speak in some part to the inability of simulators to produce the realistic vibratory environment needed to fatigue the cervical muscles. In addition, the length of exposure time and equipment worn (ie, helmet) in the investigation of Balasubramanian et al 9 also likely contributed to the differences in fatigue outcome measures in the cervical region. The same authors also reported a correlation between pain and flight time (r 2 ¼ 0.86) and between right trapezius median frequency fatigue rate and total flying hours (r 2 ¼ 0.51). These results further highlight the need for more actual vehicle and aircraft data to help us better understand the influence of vehicle exposure on spinal musculature fatigue and its relationship to injury. Future research into this area is especially important given reports 5, 31, 32 that have indicated cervical injury is of particular concern to pilots.
Investigations into the effects of vehicle exposure on cervical fatigue should include the helmets worn by pilots and drivers and head-supported mass. 5 The literature [33] [34] [35] suggested head-supported mass as a potential injury risk factor. One report 36 indicated that 74% of pilots who wore night-vision goggles experienced neck pain, compared with only 38% of helicopter pilots who did not wear the goggles. The weight of the helmet and other gear supported by the head (eg, night-vision goggles) likely increases the fatigue of the cervical musculature. 37 Further research into the influence of vehicle exposure on the cervical musculature, with and without head-supported mass, may advance our understanding of the interaction among vehicle ride exposure, equipment, and muscle fatigue and its relationship to injury. Research was also inadequate to determine the effects of actual ground-based, rotary-wing, and fixedwing flight exposure on spinal musculature fatigue. Much work remains to be completed if we are to fully understand the influence of ride exposure in different vehicles and under different conditions. This meta-analysis indicates the need for further study to determine if fatigability of the lumbar musculature is an injury risk factor for the development of lower back pain. Furthermore, investigators should also explore if vehicle exposure-induced lumbar fatigue is related to cervical injury or pain. Future authors should assess exposure to specific vehicles and by specific personnel. For example, the exposure of an M1A2 Abrams tank driver is very different from that of a gunner on a Bradley fighting vehicle. Recognizing the unique environment and specific needs of the vehicle and operator and how they relate to injury will be critical to the success of any intervention or injury-prevention program (eg, ergonomic seat design, strengthening or stretching programs). Finally, future researchers should examine if a dose-response relationship exists between military vehicle ride (or flight) time and the development of spinal musculature fatigue, as this may provide greater insight into the amount of ride (or flight) exposure required to elicit spinal musculature fatigue.
Limitations
Limitations to this study include the possibility that not all available data (published or unpublished) were included. However, the average fail-safe N was 77 negative data points to negate the significant effect of vehicle exposure on the fatigue of the spinal musculature. Additionally, our funnel plot was asymmetric, indicating the possibility of a publication bias. Nevertheless, a skewed funnel plot may result from factors other than publication bias, such as the smaller sample sizes of certain included studies, choice of effect measure, and chance. [38] [39] [40] Given that other factors may have contributed to the asymmetric funnel plot, we chose to include all available data from all known published studies meeting the inclusion criteria, regardless of perceived quality A limited number of studies met our inclusion criteria. Also, point estimates and CIs may provide false assurances when using an unweighted random-effects model. 19 Therefore, per Borenstein et al, 21 we have provided the separate effects for each datum point (see Supplemental Table, available online at http://dx.doi.org/10.4085/1062-6050-51. 9.13.S1). The lack of military-specific studies meeting our inclusion criteria required us to generalize some findings to warfighters. Yet the inclusion of studies in which civilians were exposed to similar vehicle-related forces provides important data to guide future research in this area. Finally, the moderated analyses represented regions of the spine, not specific muscles. Individual muscles in the region may respond differently.
We identified several important gaps in the literature. First, more studies are needed to investigate the effects of actual vehicle exposure on muscular fatigue in each region of the spine. Second, investigations using simulators should mimic the actual ride signature for specific military groundbased vehicles and aircraft. The present meta-analysis included only 1 such study. 25 Third, future authors should explore the effects of vehicle exposure on the fatigue of the spinal musculature in all onboard vehicle personnel. Personnel seated or standing in various locations in a vehicle will likely experience different ride qualities than the driver or pilot. Fourth, the effect of equipment and head-supported mass must be determined. Finally, we need research not only on acute exposures but also on chronic exposures to replicate the daily and weekly deployment exposures of our military warfighters.
This meta-analysis revealed that vehicle exposure increased fatigue in the musculature of the lumbar spine. Research specific to vehicle exposure and in-vehicle testing in the military population was lacking. Future investigators should address these gaps in the literature.
